Transparent p-n heterojunction diodes are fabricated using p-type CuYO 2 :Ca and n-type ZnO:Al thin films on a glass substrate coated with indium-tin oxide (ITO). The contact between the n-ZnO:Al / p-CuYO 2 :Ca heterojunction is found to be rectifying, while the ITO / ZnO:Al contact is ohmic. The typical ratio of forward to reverse current is 15 in the range -3 to 3V. The diode current-voltage characteristics are dominated by the flow of space charge limited current, which is ascribed to the existence of an insulating ZnO interfacial layer. The diode structure has a total thickness of 0.85 µm and an optical transmission of 40%-50% in the visible region.
INTRODUCTION
The best known transparent conducting oxides (TCOs), such as doped ZnO, In 2 O 3 or SnO 2 , are n-type. Because of their excellent properties, these films are used in many optoelectronic applications that require metallic-like conductivity and optical transparency. The use of TCOs in the fabrication of active elements in optoelectronic devices has not been possible until now because of the lack of TCOs that exhibit p-type conductivity. The first report of p-type conductivity in transparent CuAlO 2 films [1] has attracted much attention, and several similar compounds that share its delafossite structure have been reported with varying conductivity and transparency [2] [3] [4] [5] .
CuAlO 2 and other materials that share the same structure have never been used in p-n junctions or other optoelectronic devices. All-oxide transparent p-n junctions and light-emitting diodes have been successfully fabricated using ZnO and SrCu 2 O 2 [6, 7] . SrCu 2 O 2 does not have the delafossite structure, but does feature monovalent Cu in a layered structure. It also requires less stringent growth conditions than CuAlO 2 . Rectifying behavior in other oxide structures has also been reported, including p-NiO / i-NiO / i-ZnO / n-ZnO [8] and n-ZnO / p-ZnO [9] , although well-characterized p-ZnO has proven elusive. Bipolarity has been reported in the CuInO 2 delafossite system, with the promise of an oxide p-n homojunction [10] .
We have recently focused on materials with the delafossite structure and have developed increasingly conductive p-type delafossite thin films of CuYO 2 :Ca [3] , CuScO 2 [2] and CuCrO 2 :Mg [5] , with conductivities of 1, 30 and 220 Scm -1 , respectively. Intercalation of oxygen to form CuScO 2+x and CuYO 2+x :Ca phases is possible because of the larger size of the Sc and Y cations. Such intercalation is not possible for isostructural CuAlO 2 because the smaller size of the Al cation shrinks the lattice to the point where oxygen cannot readily penetrate. Oxygen intercalation is likewise impossible for the CuCrO 2 :Mg compound; however, Mg doping is particularly effective in this case. Here we report the fabrication of all-oxide transparent p-n heterojunctions using CuYO 2 :Ca, which is chosen as the p-type TCO because of its relatively low deposition and processing temperatures.
DEVICE FABRICATION AND MATERIALS CHARACTERIZATION
The transparent p-n heterojunctions fabricated have the structure glass / ITO / n + -ZnO:Al / ITO, as depicted in figure 1 . The glass substrate, coated with sputtered 200-nm-thick ITO, was supplied by Planar America. The ITO is highly transparent (>85% in the visible region) and has a conductivity in the range 10 3 -10 4 Scm -1 . ZnO:Al is deposited on the ITO-coated glass by rf magnetron sputtering at a substrate temperature of 150Û8Ã ÃUÃsÃrÃ6ÃhÃurÃrvtÃthÃhÃhtr-to-substrate distance of 2.5 cm, and an rf power of 100 W. The thickness is typically ~250 nm. The ZnO targets are prepared by mixing appropriate quantities of powders of ZnO and Al 2 O 3 (Aldrich, reagent grade 99 + %), which are pressed into 2" pellets and sintered at 900Û8ÃsÃ ÃuÃvÃhvÃvuÃhÃ intermediate grinding. The optical and electrical properties vary with deposition procedure and Al concentration. Two doping procedures are employed to vary the carrier concentration in the ZnO. Highly degenerately doped n + -ZnO:Al is produced from a ZnO target doped with 2% Al, as well as undoped, nonstoichiometric n-ZnO 1-y from a pure ZnO target.
The ZnO:Al films are examined by x-ray diffraction in the θ-2θ geometry and show strong texture. Only the (002) peak is visible, indicating a strong preference for the c-axis to align perpendicular to the glass substrate. Transmission measurements show average transmission greater than 85% in the visible region, with the absorption edge slightly blue-shifted for the 2%-Al-doped sample. We interpret this as evidence for a Moss-Burstein shift due to the increased number of carriers.
Hall and conductivity measurements are performed using a van der Pauw configuration. For ZnO films without the ITO underlayer, the ZnO:Al Hall mobility µ =11.9 cm 2 V -1 s -1 and conductivity σ = 1800 Scm -1 give a carrier concentration n = 9.6 x 10 20 cm -3 . For an undoped, nonstoichiometric ZnO thin film, the Hall mobility µ = 6.2 cm 2 V -1 s -1 and conductivity σ = 50 Scm -1 give a carrier concentration n = 5 x 10 19 cm -3 . Note that these doping concentrations are quite high compared to those used in typical semiconductor p-n junctions.
The p-type conducting oxide semiconductor is deposited at a substrate temperature of 100Û8ÃiÃrhpvrÃp-evaporation. The Y, Cu, and Ca are thermally evaporated from refractory boats at a working molecular oxygen pressure of 1.5x10 -4 Torr. The thickness of the CuYO 2 :Ca layer is typically ~300 nm. After deposition of the p-type layer, the whole device is subjected to rapid Glass substrate thermal annealing (RTA) for three minutes at 600Û8ÃvÃtrÃÃUuvÃSU6ÃrhrÃUuvÃSU6Ã treatment improves the conductivity of the p-type layer via O intercalation. CuYO 2 :Ca films produced under these conditions are not strongly textured as those produced at higher deposition temperatures [3] , but the conductivity (1 Scm -1 at room temperature) and transparency in the visible (40-50% at 550 nm) are about the same. The CuYO 2 :Ca films show p-type conductivity by thermoelectric probe measurements, with a Seebeck coefficient of 280 µV/K. Hall measurements of CuYO 2 :Ca layers place an upper limit on the mobility of ~1 cm 2 V -1 s -1 . Using this mobility upper limit results in an estimate of p §Ã 19 cm -3 for p-type CuYO 2 :Ca. The effect of the deposition and treatment of CuYO 2 :Ca on the ZnO is not completely understood, and is being studied. ZnO:Al and ZnO films on glass that are subjected to the 3-min, 600Û8ÃSU6ÃvÃtrÃirprÃvyhvtÃσ < 0.1 Scm -1 ), while ZnO:Al / ITO and ZnO /ITO stacks subject to the same procedure retain conductivities of several hundred Scm -1 . The conductivity of ITO alone is reduced to about 500 to 600 Scm -1 under the same conditions. Finally, indium is used to make ohmic contact to the CuY 1-x Ca x O 2 layer to measure the I-V characteristics. Figure 2 presents the I-V characteristics of a CuYO 2 :Ca / ZnO:Al p-n heterojunction thin film diode. Several features of these I-V characteristics are noteworthy. First, this device clearly demonstrates rectifying behavior, with a typical forward-to-reverse current ratio of 15 in the range of -3 to 3 V. Second, an apparent but rather ill-defined forward threshold voltage occurs at ~1 V; this forward threshold voltage, often identified as the diffusion or built-in potential, would correspond to a potential barrier that carriers need to surmount in order to contribute to the forward current, if normal diffusion theory applied to the operation of this p-n junction [11] (diffusion theory might not apply, as discussed in the following paragraph). Third, this p-n junction possesses very little series resistance, since at large forward voltages the slope of the I-V curve is very large (the diode series resistance is equal to the inverse of the slope of the I-V curve when it becomes linear at a large forward voltage; an upper bound for the series resistance estimated from the maximum slope seen in figure 2 is ~25 Ω). A small series resistance is expected for this p-n heterojunction since both metal contacts are ohmic with negligible contact resistance, and the constituent layers are very heavily doped. Fourth, the reverse bias current is characterized by a reverse threshold voltage of ~4 V, beyond which appreciable reverse current begins to flow, and a rather ill-defined reverse breakdown voltage of ~8.5 V; the apparent reverse breakdown is soft, making it difficult to precisely define a reverse breakdown voltage.
DEVICE CHARACTERIZATION
The inset of figure 2 shows the log(I)-log(V) characteristic of the forward bias region. Over a wide range of applied forward voltage, this curve exhibits an I ∝ V 2 relationship (actually I ∝ V 1.9 ), characteristic of space charge limited current (SCLC) [12] . Since this plot suggests the applicability of the SCLC mechanism, it is clear that the forward threshold voltage of the linear I-V curve does not correspond to a diffusion potential in the conventional sense; having said this, the forward threshold voltage still provides an indication of the barrier seen by injected carriers. At the largest forward biases, ideal SCLC behavior is not applicable since the log(I)-log(V) slope increases significantly; this behavior is likely due to crossing a trap-filled-limit voltage threshold [12] or perhaps the onset of some type of breakdown. The SCLC behavior that dominates the I-V characteristics of our p-n heterojunction is quite unexpected, since SCLC is a phenomenon associated with insulators. SCLC behavior arises when the injected carrier space charge density exceeds that of the equilibrium carrier concentration of the bulk layer. Given the exceedingly large doping densities employed in our constituent layers, the existence of SCLC is extremely puzzling. The essence of our proposed model accounting for the operation of the CuYO 2 :Ca / ZnO:Al p-n heterojunction is shown in the energy band diagrams presented in figures. 3-5. A more detailed discussion of this proposed model is presented elsewhere [13] . Figure 3 is a proposed equilibrium energy band diagram for the CuYO 2 :Ca / ZnO:Al p-n heterojunction diode. Several band alignment aspects of this figure are particularly noteworthy for elucidating the operating mechanisms of this device. The CuYO 2 layer gives rise to the most peculiar aspect of this energy band diagram. According to Benko and Koffyberg, [14] the Fermi level position of p-type CuYO 2 is located just above a narrow and almost-filled Cu-3d band, an empty conduction band is located ~1.2 eV above the top of this Cu-3d band, and a filled O-2p band is located ~3.6 eV below the bottom of the conduction band. Operationally, the optical properties of a CuYO 2 layer appear to be established by the larger, ~3.6 eV bandgap, since this material can be made transparent, whereas its electronic properties are linked to the narrow, ~1.2 eV bandgap, since the Fermi-level position occurs within this bandgap. P-type conductivity is established by the existence of holes in the Cu-3d band, while electronic states in the O-2p band are completely filled due to their distance below the Fermi level.
When a CuYO 2 layer is in contact with a ZnO layer, an unusual energy band situation arises, as shown in figure 3 , since Cu-3d filled states at the interface 'float' in the central portion of the forbidden bandgap and are not in direct electrical contact with any other filled or empty states on the ZnO side of the heterojunction. Rather, as sketched in figure 3 , the O-2p band constitutes the filled CuYO 2 band that is electrically connected to the ZnO and subsequently to the ITO filled valence band states. Thus, in a sense, the O-2p band constitutes the CuYO 2 valence band since it is the band that provides the electrical connection between filled states. However, in another sense, the Cu-3d band constitutes the valence band since the close proximity of the Fermi level mandates a partial occupancy of this band, which is the source of holes in this material. It is evident from this discussion that the energy band diagram shown in figure 3 is quite unusual. Note in figure 3 that the separation between the ZnO conduction band minimum and the Fermi level is intentionally shown to vary near the CuYO 2 / ZnO heterointerface in such a way that the n-type doping density in the ZnO increases moving away from the CuYO 2 / ZnO heterointerface towards the ITO contact. This doping trend is essential for obtaining rectification. In order to appreciate the necessity of having a ZnO interface doping profile as shown in figure 3 , first assume that the ZnO is heavily (i.e. degenerately) doped right up to the CuYO 2 / ZnO heterointerface. In such a situation, the CuYO 2 / ZnO heterojunction would be expected to exhibit non-rectifying I-V behavior. A negligible separation in energy across the heterointerface between filled and empty states in close physical proximity, due to the narrow depletion width associated with degenerate doping concentrations, would result in barrier-less tunneling across the interface, thus yielding non-rectifying behavior. Therefore, interface considerations imply the existence of a lower doped interfacial layer. Also, if the ZnO layer is degenerately doped right up to the heterointerface, the entire heterojunction would be heavily doped and no insulating layer would exist within the p-n heterojunction; however, an insulating layer somewhere in the p-n heterojunction is required for SCLC.
Thus, rectification and SCLC considerations seem to require the presence of a lower doped, insulating ZnO interfacial layer. How does this insulating ZnO layer form? It is likely that the ZnO insulating interfacial layer is formed during the 600°C oxygen annealing treatment in which oxygen intercalation is used to increase the conductivity of the CuYO 2 layer. Oxygen diffusion from the CuYO 2 layer into the ZnO would decrease the concentration of O vacancies, which are donors that contribute to the n-type behavior of ZnO, thereby making the interfacial ZnO layer more insulating.
Now that the equilibrium energy band diagram has been presented and rationalized, consider a non-equilibrium energy band diagram for the CuYO 2 / ZnO p-n heterojunction when it is operated in forward bias, as shown in figure 4 . The most significant aspect of this figure is that electron injection from the heavily doped ZnO cathode layer into the lower doped, insulating ZnO layer gives rise to SCLC, as suggested by the I-V curves. Energy band diagram alignment considerations suggest that the barrier seen by electrons being injected from the heavily doped ZnO into the lightly doped ZnO is ~1 eV, which is consistent with the apparent diffusion potential seen in figure 2 .
A non-equilibrium energy band diagram for a reverse biased CuYO 2 / ZnO p-n heterojunction is indicated in figure 5 . Although more work is required to conclusively establish the reverse current mechanism, initial assessment suggests that the mechanism sketched in figure 5 in which interfacial tunneling from the 'floating' Cu-3d filled states into the ZnO conduction band is a possibility. The device physics assessment undertaken to date of CuYO 2 / ZnO p-n heterojunction diodes indicates that, to a large extent, these devices operate in an essentially unipolar manner; i.e. operation primarily involves electron injection, recombination, and transport. Holes appear to play a minor role in the operation of these devices; supplying charge through the of CuYO 2 layer for reverse current injection and perhaps aiding in the recombination of electrons injected into the of CuYO 2 layer during forward bias operation. Figure 6 gives the measured reverse bias capacitance-voltage (C-V) characteristics of CuYO 2 / ZnO p-n heterojunction diodes. Two trends are evident. First, the capacitance decreases with increasing reverse bias, particularly at low frequencies. The slope of the C-V curve is largest at zero bias, and decreases with increasing reverse bias. Second, there is significant frequency dependence; the capacitance decreases and becomes nearly voltageindependent as the frequency is increased.
The observed frequency dependence may indicate the existence of deep-level bulk traps, probably in the ZnO layer. At sufficiently large measurement frequencies, bulk traps in the depletion region are unable to respond to the applied AC signal; carrier action at the depletion region edges gives rise to a typical depletion capacitance. As the frequency is decreased, however, bulk traps within the depletion region are able to respond to the AC signal by filling and emptying; traps located at the equilibrium quasi-Fermi level are able to capture and release carriers in response to the applied signal, so that charge modulation takes place within the depletion region rather than at its edges. This decreases the effective width of the capacitive region, thus increasing the measured capacitance, as more traps are able to respond to the applied AC measurement waveform. At large frequencies, the C-V curves become nearly flat. It is expected that the measured high-frequency capacitance is due primarily to charge modulation at the depletion region edges; the fact that the measured high-frequency capacitance is nearly constant indicates that the width of the insulating ZnO region is significantly larger than that of the depletion region at either end. For lower frequencies, the capacitance becomes increasingly dependent on voltage. Due to the graded nature of the ZnO layer ( figure 3) , it is likely that the bulk trap distribution will vary through the layer. As the voltage is varied, the location of the quasi-Fermi level will vary as well, resulting in a change in the measured capacitance with voltage when the measurement frequency is small enough so that bulk traps can respond.
For the optical transmission measurements, the diode structure was fabricated under identical conditions on a glass/ITO substrate, but without using the mask during the deposition of the CuYO 2 :Ca p-type oxide. Figure 7 shows the optical transmission spectrum of the diode layer structure with a total thickness of 0.85 µm. The optical transmission of 40 to 60% in the visible region is lower than for the structure reported by Kawazoe but this device has the advantage of higher turn on voltage and higher current-carrying capability. 
CONCLUSIONS
All-oxide, transparent CuYO 2 :Ca / ZnO:Al p-n heterojunction thin film diodes are fabricated which show rectifying I-V characteristics. The I-V characteristics are dominated by space charge limited current associated with the presence on an insulating, interfacial layer of ZnO. Optimization of such devices will require better understanding and process control of such interfacial layers.
